This study sought to evaluate the potential of AAVmediated gene transfer to the lung as a means of achieving stable levels of systemically secreted proteins that are easily measured, physiologically active, and potentially therapeutic.
Methods
Vector construction. Rat lung genomic DNA (Clontech Laboratories Inc., Palo Alto, California, USA) was used as a template for PCR amplification of the Clara Cell 10 (CC10) promoter. The resulting PCR product was cloned into the pCR 2.1-Topo vector (Invitrogen, Carlsbad, California, USA) using the Topo TA Cloning kit according to the manufacturer's instructions. This plasmid, containing the first 500 bp of the rat CC10 promoter, was then used as a second template for PCR amplification of the desired 320-bp CC10 promoter fragment (18) . The PCR product was cloned into pCR 2.1-Topo. pAAV2.1 CMV lacZ 2 (19) was digested to remove the CMV promoter, and the CC10 promoter, isolated from Topo, was inserted to produce pAAV2.1 CC10 lacZ 2.
pAAV2.1 CC10 rhEpo 3 was cloned by inserting the rhEpo 3, obtained by digestion of pAAV2.1 CMV rhEpo 3 (19) , into pAAV2 CC10 lacZ 2. Rhesus monkey erythropoietin (rhEpo) was used because of the availability of an ELISA specific for human Epo that strongly cross-reacts with rhEpo.
pAAV2.1 CC10 cFIX, containing the coding sequence for canine factor IX (cFIX), was cloned as follows: We first prepared pAAV2.1 CC10 mInsII 3 by removing the TBG promoter of pAAV2.1 TBG mInsII 3 (19) and replacing it with the CC10 promoter discussed above. The cFIX WPRE fragment from pAAV2.1 LSP cFIX WPRE pA (20) was introduced into the pAAV2.1 CC10 mInsII 3 backbone to produce pAAV2.1 CC10 FIX WPRE. The cFIX homologue was used because of its previously demonstrated ability to correct FIX deficiency in the mouse model of the disease.
The sequence of the pAAV2-CB-human placental alkaline phosphatase (pAAV2-CB-hPALP) containing the chicken β-actin enhancer and CMV minimal promoter (21) , as well as of any other plasmids used in this study, is electronically available upon request to the corresponding author.
Vector production and characterization. Recombinant AAV2, AAV2/5, and AAV2/1 viruses were produced according to protocols described elsewhere (6, 19, 22) . For each viral preparation, physical titers (genome copies [GCs] per ml) were determined by PCR quantification using TaqMan (Perkin Elmer, Foster City, California, USA) (23) . The infectivity of each viral preparation was measured by the infectious center assay (ICA) (24) using 293 cells. ICA ratios (GCs per infectious unit) for the rhEpo/cFIX and alkaline phosphatase viruses, respectively, were 200 and 48 for the AAV2 vectors, 800 and 83 for the AAV2/5 vectors, and 3,000 and 286 for the AAV2/1 vectors.
Vector administration to animals. Female NCR nude mice and male C57BL/6 mice were purchased from Taconic (Germantown, New York, USA). FIX -/-mice on a C57BL/6 background (25) were bred at the Wistar Institute Animal Facility. Mice 6-8 weeks old were anesthetized in groups of four or five with intraperitoneal ketamine and xylazine, suspended vertically, and exposed to 50 µl of virus per mouse by nasal instillation. The specific vector doses used in the experiments are described in the text.
Analysis of transgene expression in lung. At day 60 following vector administration, animals receiving AAV-CC10-lacZ vector were sacrificed, and their lungs were inflated with OCT compound (Sakuraus Finetek USA Inc., Torrance, California, USA), frozen, cryosectioned, and stained for lacZ expression (26) . In the readministration experiment, lungs were harvested 28 days after vector delivery and homogenized. Protein concentration in each sample was standardized to 2 mg/ml before measurement of the β-galactosidase concentration using a commercially available ELISA (Roche Molecular Biochemicals, Mannheim, Germany) according to manufacturer's instructions.
In the experiments involving alkaline phosphatase expression, animals were euthanized 28 days after vector administration, at which point the left lung was immediately homogenized in lysis buffer (Reporter Gene Assay Lysis Buffer; Roche Molecular Biochemicals, Indianapolis, Indiana, USA) containing protease inhibitor (Complete Protease Inhibitor Cocktail; Roche Molecular Biochemicals, Indianapolis, Indiana, USA). The homogenate was centrifuged to remove tissue debris, and the supernatant was stored for analysis. The right lung and trachea were embedded in OCT compound, frozen, and cryosectioned. The slides were fixed with 0.5% glutaraldehyde and incubated in 1 mM MgCl 2 at 65°C to inactivate endogenous alkaline phosphatase. After rinsing, the slides were stained with alkaline phosphatase buffer (1.2 g Tris-base, 0.584 g NaCl, 1.017 g MgCl 2 in 100 ml water, pH 9.5), 220 µl nitro-blue tetrazolium chloride, and 165 µl 5-bromo-4-chloro-3-indolylphosphate toluidine. Sections were incubated for 30 minutes, rinsed, and counterstained with nuclear fast red. The lung homogenate was quantitatively analyzed for placental alkaline phosphatase using two separate methods according to the manufacturers' protocols (SEAP Reporter Gene Assay, Roche Molecular Biochemicals, Indianapolis, Indiana, USA; and Innotest hPALP ELISA, Innogenetics, Ghent, Belgium).
Analysis of proteins secreted in serum and lung. Serum samples were analyzed at designated time points for human Epo using the Quantikine Human EPO Immunoassay (R&D Systems Inc., Minneapolis, Minnesota, USA). Hematocrit levels were also measured in these animals by microcapillary centrifugation. In the experiments involving FIX secretion, plasma samples were collected and analyzed using ELISA as described (27) and activated partial thromboplastin times (aPTTs).
Bronchoalveolar lavage was performed using two aliquots of 500 µl of sterile PBS instilled through a 21-gauge catheter into the trachea after exposure via a midline neck incision. The fluid was immediately aspirated, and the aliquots were pooled for analysis of FIX secretion.
Determination of serum-neutralizing antibodies. In order to identify neutralizing antibodies, serum samples (10 µl) were plated in 96-well plates. Eight serial dilutions of each sample were made in serum-free DMEM. AAV2/5-CMV-enhanced green fluorescent protein (CMV-EGFP) (1 × 10 10 GCs) was added to each well for neutralizing antibody assays. The plates were incubated for 1 hour at 37°C, and then the samples were transferred to 96-well flat-bottom tissue culture plates, which had been seeded overnight with 2.5 × 10 4 84-31 cells (293 cells that express the E3 and E4 genes). Cells were incubated with virus for 48 hours. At that point, plates were inspected visually and EGFP-positive cells were counted. The titer of neutralizing antibody is defined as the highest dilution at which less than 50% of the cells express EGFP.
Results

Comparison of lung transduction efficiency of AAV serotypes.
To compare the ability of recombinant vectors based on different AAV serotypes to transduce the lung, we packaged hybrid recombinant viruses containing an AAV2 genome encoding for hPALP in virions formed by capsids of AAV1, 2, or 5 (AAV2/1-, AAV2/2-, or AAV2/5-CB-hPALP). Intranasal administration of 50 µl of vector solution containing either 3 × 10 11 (1:1) or 6 × 10 10 (1:5) GCs of each vector serotype to C57BL/6 mice (n = 5 per group) resulted in transduction of alveolar and, to a lesser extent, airway surface epithelial cells, consistent with previous reports (13) . Expression was higher with AAV2/5 than AAV2/1, and AAV2/2-mediated gene transfer was negligible (Figure 1a) . Quantification of alkaline phosphatase in lung homogenates from the same animals confirmed the histochemical results (Figure 1b) . Therefore, AAV vectors containing the capsid from serotype 5 seem most promising in the context of gene therapies in which targeting the intrapulmonary epithelia is desired.
Secretion of Epo from lung transduced with AAV serotypes. We explored the ability of AAV vectors administered intranasally to mediate secretion of therapeutic proteins in the systemic circulation. To ensure that expression from inhaled vectors occurred as a result of transduction of lung epithelial cells alone, we used an expression cassette containing the first 320 bp of the rat CC10 gene promoter (18) , which restricts gene expression to lung epithelial cells. Vectors expressing rhEpo were created based on packaging with AAV1, AAV2, and AAV5 capsids and administered intranasally to nude mice (n = 5 per group, 3 × 10 11 GCs of each virus per mouse). Circulating Epo levels were highest following gene transfer with AAV2/5 vectors ( Figure  2a) . As a result of expression of functional Epo, hematocrit levels increased most significantly in the groups given AAV2/5 and AAV2/1 and increased slightly in the group given AAV2/2 (Figure 2b ). The slight hematocrit increment from AAV2-dosed animals suggests that hormone release below the detection limit of the ELISA was occurring from the targeted lung. Control animals that received AAV2/1, 2/2, and 2/5 expressing the reporter gene lacZ from the CC10 promoter were sacrificed at day 60, and lungs were sectioned and stained for β-galactosidase activity. The pattern and levels of gene expression were similar to those represented in Figure 1 for the alkaline phosphatase reporter gene and to those in animals receiving intranasal AAV2/5-CMVlacZ (data not shown). The levels of circulating Epo and hematocrits remained high, although there was a slow decline of Epo levels over 150 days following intranasal administration of AAV2/5 ( Figure 3) .
Secretion of FIX from lung transduced with AAV2/5. We administered AAV2/5-CC10-cFIX (encoding cFIX) or AAV2/5-CC10-lacZ (control) intranasally to FIX -/-C57BL/6 mice (n = 4 per group) and followed the levels of circulating FIX. Serum FIX increased to 107 ng/ml over 45 days (Figure 4a ). These levels remained elevated (100 ± 63 ng/ml) at 288 days after vector administration. FIX was also detectable in the bronchoalveolar lavage of four animals sacrificed 288 days after noninvasive administration of vector (262 ± 121 ng/ml). No FIX was detected in animals given AAV2/5-CC10-lacZ (data not shown). To test whether the recombinant protein secreted from the lung was functional, we measured the aPTT; we found it to be significantly reduced in the animals that received the FIX vector compared with the control vector-treated animals (Figure 4b) . The biological response of vector-encoded FIX was clearly detectable, although the levels obtained may not be curative in humans.
Readministration of AAV2/5 to murine lung. Since gene expression from transduced lungs seems to decrease significantly 5 months after vector delivery, we tested whether AAV2/5 readministration to the lung is
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The feasible. FIX -/-mice (7 months old) either untreated or treated 5 months before with one intranasal administration of AAV2/5-CC10-cFIX (the same animals used for the experiment shown in Figure 4 ) received 3 × 10 11 GCs per animal of AAV2/5-CC10-lacZ intranasally. β-Galactosidase activity was measured in transduced lungs 4 weeks later and did not differ significantly between the naive and the previously treated animals (naive mice: 470 ± 194 pg/ml; previously treated mice: 416 ± 209 pg/ml; n = 3 animals per group). These results suggest that in the lung, unlike in other tissues, readministration of AAV2/5 is feasible, potentially allowing for repeated, successful treatment of chronic diseases. The immunologic mechanisms by which this occurs were explored by analyzing immunocompetent animals (n = 5, C57BL/6) administered a hybrid vector (AAV2/5-CC10-lacZ) intranasally 288 days earlier. All animals showed serum-neutralizing antibodies to AAV5 capsid protein (1:160-1:320).
Discussion
The lung, like the gastrointestinal tract, offers a large surface area with good vascularization and immense capacity for solute exchange. The lung has been used for systemic delivery of protein and peptides (e.g., insulin) via noninvasive pulmonary administration. Gene transfer is one technique by which pulmonary delivery of therapeutic proteins might be accomplished. Using AAV hybrid vectors with the same genome, we were able to compare side by side the effect of different capsid proteins on lung transduction. To ensure that gene expression following noninvasive intranasal administration of our vectors was the result of epithelial transduction, we used a lung-specific promoter. We chose a 320-bp fragment of the CC10 promoter. To examine the specificity of this promoter fragment, we compared expression of vectors using this 320-bp CC10 promoter fragment with expression of vectors using a CMV promoter in 293 cells and found the former to be almost undetectable, as expected (data not shown). In vivo, we showed that the 320-bp CC10 promoter fragment resulted in expression in both alveolar and airway epithelial cells, similar to that observed in transgenic animals (18) . In addition, this promoter fragment resulted in very similar lung expression to that achieved with the CMV promoter (data not shown), suggesting that the CC10 promoter fragment is as potent a promoter in the lung as is the less cell-specific CMV promoter.
We show that, following intranasal administration of our vectors, AAV5 is superior to AAV1 gene transfer and AAV2 gene transfer results in negligible transduction in the murine lung. This comparison expands on previous results demonstrating that AAV5 and AAV1 are superior to AAV2 in transducing airway epithelial cells (13, 16) . Additionally, the superiority of AAV2/5 in the lung is confirmed using two different transgenes (alkaline phosphatase and Epo) and by multiple techniques. In contrast, comparative experiments in muscle have shown that AAV2/1 is most efficient (28) . These results highlight that comparison of alternative AAV serotypes may allow for efficient targeting of specific organs or tissues.
Following a single intranasal administration of AAV2/5-CC10-rhEpo, sustained expression of Epo was observed for the 150 days of the study. Interestingly, Epo levels start to decrease 90 days after infection, presumably reflecting normal turnover of the epithelial cells, but possibly also reflecting gene inactivation. Hematocrit levels were consistently increased for the length of the experiment, due to the high sensitivity of the bone marrow hematopoietic compartment to even low levels of circulating Epo.
These results suggest that the lung can be used as a depot for the systemic release of therapeutic proteins following noninvasive administration of vectors. We tested this approach in a disease model that represents a traditional target of gene therapeutics, hemophilia B (29) . Promising results in murine (20, 30) and canine (31-35) models of the disease have been obtained following muscle and liver transduction with AAV and have prompted the first clinical trial using an AAV2-based vector expressing FIX from the muscle of hemophiliac patients (36, 37) .
Following noninvasive administration of AAV2/5-CC10-FIX to murine lung, secretion of functional FIX in the blood was observed. Although we did not achieve levels in mice that would correlate with normal serum FIX levels in humans, it is presumed that only a fraction of normal protein levels is required for physiologic correction of hemophilia (38) . In fact, current prophylactic approaches for patients with hemophilia B aim to achieve 1% normal activity (39) , which is extrapolated to correlate with approximately 16-60 ng/ml of FIX (36) . Data extrapolated from animal studies would suggest that our achieved plasma FIX levels (mean of 107 ng/ml at day 45) correlate with 1.2-1.8% of normal FIX activity in humans (36) , which is in the range of the goal of current transfusion regimens. The FIX secreted from AAV-transduced lung is clearly functional, as demonstrated by a significantly reduced (although not completely normalized [ref. 25] ) aPTT. The presence of FIX in the bronchoalveolar lavage suggests that secretion of recombinant protein occurs apically as well as basolaterally in these polarized cells.
Our data demonstrate that AAV2/5 can be successfully readministered to the mouse lung, obtaining levels of gene expression comparable to those in naive mice. The presence of serum-neutralizing antibodies to AAV5 capsid proteins almost 10 months after vector administration suggests that lung transduction may occur despite the presence of serum antibodies. We did not examine the kinetics of the humoral immune response, although presumably titers in the animals administered AAV2/5-CC10-cFIX were at least as high at 5 months (the time point at which readministration was successful). Previous data suggest that successful readministration of AAV-based vectors requires the use of alternate AAV serotypes (12, 22) or transient immunosuppression (40) , which would be impractical in the clinical setting. Further study of the humoral and cellular immune responses to these hybrid vectors is warranted. The ability to readminister the same serotype of AAV five months after the initial administration is encouraging, since readministration would be critical for treatment of chronic diseases.
In conclusion, we show that AAV vectors containing the capsid from serotype 5 transduce lung epithelial cells more efficiently than do AAV2/1 and AAV2/2, and that AAV2/5 can be noninvasively readministered. Furthermore, AAV2/5-mediated pulmonary transduction results in systemic release of functional Epo and FIX. This suggests that the lung may serve as an important depot for the release of secreted protein following its noninvasive transduction.
